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NATIONAL ADVISORY COMMITTEE FOR ARRONAUTICS
TECHNICAL MEMORANDUM NO, 844

FLOW IN SMOOTH STRAIGHT PIFES AT VELOOITIES ABOVE
AND BELOW SOUND VELOGITY*

By W. Frossael

To investigate the laws of flow of compressible flu-
lds in plpes, tests were carried out with air flowing at
velocltlies below and above that of sound in straight smooth
Pipes. The transition from supersonic to subsonic veloc-
i1ty 1s particularly noteworthy.

The laws of flow in smooth pilpes have been thoroughly
investigated with regard to flow resistance and veloclty
distribution for incompressible flulde (reference 1).
These laws are applicable to liqulds and gases, provided
the dlfferences 1ln density set up may be neglected. For
alr thls will generally be the case for velocitles up to
50 m/e (100 mi./hr.).

The obJoct of the tosts described below 1is the lnves-
tigatlon of the laws of plpe flow 1in the case of compres-
8lble fluids and comparison with the laws for the 1lncom=
presslble case. Alr was chogsen as the flow medium. 1In
order that the effect of the compressibility may be brought
out most effectively, the veloclty should lie between 100
and 500 m/s (200 and 1,000 mi./hr.); that 1s, be of the
order of magnitude of the veloclty of sound in the alr.
The best serles of tests that have so far been recorded in
tho literature on tho subjJect nre those described by G.
Zeuner (reference 2), who has also carofully developed the
theory of the phenomenon for velocltloes below that of
sound.,.

The computational trocatment of this type of flow boe-
longs to the field of application of the "Dynamlies of

*“Strgmung in glatten, goraden Rohren mit $vor- und Un-

terschallgeschwindigkeit.” Forschung auf dem Geblete
dos Ingonlourwesens, March-April 193B, pp. 75-84.

Tosts carrloed out at the Kaiser-Wilhelm Institute for
Flow Invostigation,

I take this opportunity to oxpress my sincere thanks to
Dr, L+ Prandtl, who has kindly ontrusted me with
this work and has rondered valuable asslstance.
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Gasos" where, in addition to the velocity w (més) and bhe
pressure p (kg/m®), the density p = Y/g (kg s2/m%*) and .
the temperature T (°K) arc also variabdle. The computa-
tlons can bo carried out without undue difflculty only un-
der definlte assumptions.. The most important assumption
1s that the energy of the gas remalns constant during the
flow process -~ 1l,8., that no heat be added or conducted
awvay. It 1s therefore necessary that the flow channel be
well heat lnsulated. The tests brought out tho fact that
as a result of frictlon, the gas temperature in the nelgh-
borhood of the wall acqulres approximately the temperaturo
.0f tho outslde air, so that no heat exchange takes rlace
through tho pipo wall.

The sotting up of a velocity above that of sound in
cylindrical plpes is made possible oply through the oppli-
‘eatlon of speclnl means. (See section 12.) A4n important

part is hero anlso played by tho "compression shock" {or
shodk wavo) which converts the supersoniec into a subsonlc
veloclty.

I, TESTS

1. Tesgts set up.~ The test. set up (fige 1) consists of
two vacuum tanks ,a , with a total volume of 20 m3 a gesom-
eter or gas reservoir ..b- of 25 n> capacity, a vacuum pump -

, (380 m3/hr., 10 hp.), en air-drying apparatus d, filled
with caelcium chloride, uick-closlng cock e, (described
by Mikuredse (reference 3%) wlth corresponding accessorles,
and the test portlon f. . )

The test procedure 1s divided into a prelimlnary part
and the test proper. In the prelimlinary portion of the.
" test the vacuum pump ¢ sucks the alr out of the vacuunm
tanks a and delivers 1t through the drylng apparatus d
to the gasometer b, 1n which the alr 1s at approximately
atmogphorle pregsure. During thls process the shut-off
membor e Dbetween the test section and the vacuum tanks
1s closecd. Tho portion of the tests in which measuroments
are mede, starts with the openling of the skut-off member
o. As o rosult of the above atmospheric pressure, the alr
stroems through the ‘test longth into the vacuum' tanks a
and gradually fills them, .0n account of the presence of
tho veloclity of sound in a portion of the test length, the
condition of the flow in f remnins strigctly constant un-
t1l o certeiln prossure is attained in the va'cuum tanks
The duration of the flow as ‘compared with that of the usual
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wind tunnel is therefore limitod, deponding chiefly on the

.-capaelty of tho tanks and on tho minimum flow cross soc-
tion. The tost intorvols are of the..ordor of magnitudo.

of 10 to 100 soconds. On account of those_ short test ine
torvale, 1%t 1s nocessary that the oponing times of the
shut-off membor e ©be very small (about 0.2 to 0.1 soec.).
If tho constant flow in tho tost portion f discontinuoes
beforec tho test has boon brought to an end, theé vacuum
tanks may agaln be omptied, with the shut-off coock closed
and tho tost repesated in tho same manner. Thc same flow
condltions are again ocstablighod if the 1nitial flow conw
dition (prossure and temperature at the inlet to the test
soction) romains as beforo. Here is whore the great ad-
vantago of working with a set-up at below atmospherlc
Pressurc cs comparcd with one ~t above atmospheric pros-
suro occurs, namely, that in the first case the inltial
state ~ bolng thet of tho atmosphero - is constant for
sevoral succoedlng tosts, whoroas in the socond case the
initial state varlos evon during a single test and must con-
stantly be observod. Since tho moisturo contelned in nor-
mal alr freozes at tho low tompornturcs of the air stream
and would give riso to disturbances, 1t 1s necossary that
the clr be driled.

2. Tegt vortion.- The test portion f consists of a
simple, smooth cylindrical pipe with nozzles placed at
clthor ond. At certain intcrvals along the plpe, statlec
Pressure orifices nre locatod at which tho pressuro la
trensmittod through tubes to tho manometors. It is necesw—
sary to distingulsh threo kinde of pilpe arrangoments:

n)_For yvelocitligg bolow that of sound (fig, 2): The
Pipoe rocelves a woll-roundod inlet of tho samo size as the
innor pipo diamotor. At the end of tho pipe 1s conpnectod
a voeloclty-moasuring apparatus g with a dynamic pressuro
tube dilsvlacoadblo in throo diroctions. Tho tip of the tube
Projects 2 mm into the tost pidbe, in which 1s also con-
tainod ~ static-pressure orificec in tho pipo wall. Bohind
this apparntus there 1g & nozzle whose minimum cross sec-
tion 1s smaller than that of the pipe sectlion, so that the
flow veloclty in the test portion settles down to a defi-
nite value. To each velocity of flow there corresponds &
definite noszle.

b) For velocitieg .ahove that of gound (fig. 3): Im
thlis case the nozzle 1s placed ahead of the pipe entrance.
The minimum cross section of the nozzle 1s again smaller
than that of the pipe section and in this case also regu-—
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lates the veloecity of the flow in the test portion. The
veloclty distribution is agaln measured by a dynamic pres—
sure tube at the end of the plpe.

¢) TFor the velocity of gound (fig, 4): The pipe re-

celves a wellwrounded 1nlet at the entrance and at the
outlet a nozzle whose minimum eross sectlon 1s larger than
that of the plpe cross sectlon, so that the pipe offers
the only approciable reslstance and the veloclty of flow
in the test soctlon 1s self-regulating., In thils case
there is also one flow conditlon characterized by the fact
that at the end cross sectlon of the pipe the mean veloc-
1ty of the flow 1s oqual to that corresponding to the ve-
loclity of sound at the local gas state.

3. Preoggure megagsurcoment.~ To measure the pressures,
simple U manometers of glass were employed, set up on a

stond next to one another. One leg of a U tube communil-
cated through a tube connectlion wlth a corresponding meas—
uring station at the pipe, the other communicating with
the atmosphere, so that tho difference bctween atmospheric
pressuro and the prossure to be measured was indicated.
The real (absolute) pressure 1s tho sum of the pressure
difforence read off and the barometer pressure. The manom=-
oter tubos werc filllod with mercury. Omn account of the
small duration of the tests, the readlngs were obtalned by
using indices that were eesgily displaccecable on the glass
tubes and read off on a scale only at the completion of
the test. '

4, Meagurement of the dig g ge.~ The quantity flow-
ing through per second G (k wes computed from the
displacement velocity cg (m7 , the section Fg (m?) of
the bell of the gasometer b and the specific weilght Yg

(xg/m®) of the air in the bell, according to the equa-~
tion "G = Fg cg Yg. The bell cross section was found to

be 10.74 m®., The veloclity at the bell could be observed
with the ald of a make-and-breck device and a stop wateh
at the test stand. The specific welght Yg of the air

was computed from the gas equation, taking into account
the temperature Tg (°K) of the air, and the pressure Pk

(kg/m®) in the bell. The temperature of the ailr in the
bell could not be determined with the ordinary mercury
thermometer on account of the poor accessidbility. Hore-
over, the large inertia of such a thermomeier would not
permit an accurate indication of theo temperature 1n

the short test interval available. There was there-
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fore measured the change in the electricel resistance of a
platinum wire and this .change cqnvertéd into temperature

~ readings by-s ‘prédvious ‘calibration. For the reglstance, a
platinum wire of 0.1 nn diameter and 3.75 m long, and hav-
ing a rosistance of about 50 ohms, was used, the wire being
wound on an insulating framé whilch was algo a poor heat con-
ductor. Thoe frame was mounted in the downtake tube of ‘the
gasometer (fig. 1), so that the alr flowing out from the
gasometer streamed past 1t. As & resuylt of the good con-
tact of the nlr with tHe wire and the small specific heat
of tho wire, the temporanture was soon brought to a steady
value. A Egvice inside the bell provided for a good mixing

of the alr/before the test so thet its temperature .waos suf-
ficlently iform. . Tho reslstance of the platinum wire was
measured with a Wheatstone bridge whose range made posslidble
the measurement of a temperature difference of 40° One
degroe tomporature difforence corresponded on the scale to
about 1 cm length, so that the accuracy 1n reading, using

a very sensitive galvanometer (one division = 0,00001 V),
was to about 0,1° and was quite sufficlent for. éomputations
with absolute temperatures.

| 52 Togt procedure.~ The tests proper were preceded by
3 a number of prelininary tests. The obJect of the latter
was chlefly to Investligate the effect produced on the flow
by the lngertion of the stem of the pitot tube. It turned
out that at voloclities below that of sound, an gppreclable
disturbance in the flow occurred, whereas at veloclties
above that of gound no disturbance was observed. Sinco ev-
ery disturbance is propagated with the specd of sound, it
was pogsldble for the disturbance to travel upstream 1ln the
first case, -while in the second case it was driven down-
stream., The disturbance was eliminated by providing the

. pltot tube with a fixed covering and moving the tube ver-
tically only (fig. 5). The covering. of course produced a
certain throttling of the stream -~ which throttling, how-
ever, was constant for each position of the tube and led

) only to an lncrease in the normal desirable throttling

! through the presence of the nozsles.

M S

o A

With velocitlies below that of sound the pipe could be
of arbitrary 1ength. The effeot shows up only in the low-
ering of the quantity discharged as a result df the ihw

‘ereédfse in the wall friction-for equal drop in pressure.
Veloclties above that of sound, however, could only occur
. for deflnite pipe lengths. In this case. the wall friction
has a slowing—down effect on the air wveloclty leading to a
pressure rise. If the.wall frictlon.ies too great, i1.e.,
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the pipe too long, there 1s a great deceleration of the
flow and hence a great pressure rise which, beyond a cer-
taln limitlng length, ends up in a compression shock.
The latter converts all supersonic velocities into sub-
sonic velocities and may occur at any position in the
pipe, depending on the total wall friction. As the fric-
tion incroases the compression shock travels upstream
until the entrance of the pipe is reached, so that beyond
a certain pipe length no supersonic flow is any longer
Posslble. The result may be obtalned 1f throttling 1s
subetituted for the friection. With supersonic velocitloes,
care 1s to bo particularly taken that tho nozzle at the
Pipe entrance 1s well shaped, since it produces an addi-
tional hermful frlctional resistance which increases as
the length of the nozzle lncreases. In order to reduce
thls frictional resistance the nozzle should be kept as
short as possible. In thls connectlon there is, however,
to be conslidered the fact, characterlstlc of supersonic
flow, that too sudden divergences 1in the stream glve rise
to perlodlec fluctuations (waves) which strongly affect

the pressures meoasured at the well. In order to prevent
the occurronce oF those waves the divergence must: increase
gradually; i.0., the nozzle must bo long. Both effects
thorofore oppose cach other. Only by svecial tests 1ls 1t
posslible to doetermine the most sultable form of nozzle
having the least effect on the flow.

-

II. EVALUATION OF THE TEST RESULTS

ls Geonoral.-~ Tho moasuremonts wero carried out on
four plpos with dlametors d = 10, 20, 25, and 30 mm,
Tho longth 1 of the pipo was each time so chosen that
tho following 1/d ratlos were obtalned.

a) At volocities below that of sound: 1/d4 = 360,
324, 288, 252, 216, 180, 144, 108, 72, 54, 36, 18, 12, 6,
3, and 0,32,

b) At veloeities above that of sound: 1/d = 30, 26,
16, and 12, Tho plpes werc provided wlith manometer con-
nections. In figurec 2, x denotes tho distance measured
from any orifice pogition to the plpo entrance.

. The following measurements were takon on all tho pilpess

e '-l; Prossure drop or rise along the pipo measured at
the pressuro orificos.
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2. Quantity of air flowing through .per second meas-
ured from the displacement wveloclty at the gasometer bell,
the "alr tenperatire and the preseure -in-the -bell,

8. Alr temperature just shead of the entrance to the
@est vipe measured wilith a mercury thermometer.

4. Initial presgsure (barometer -readin e the pres-
sure abovo or below atmospheric in the bell).

5. Moisture of the alr measured wlth a psychrometer
Just ahead of the entrance to the .teat pipe 1n order to
test the efflclency of the drylang apparatus.

6« Voloclty distridbution over the plpe croess sectlon.
Theso measurements wore carried out only for the pipes of
25 mm diamoter.

2, Rolation betweon plpe length. presgure. and rate of
digcharzo.~ From tho pressures p &along the pipe, and the
inltlal »ressure Px (barometer reading + pressure 1n

bell) tho ratio p/Py, was formed, and similarly, the ratio

G/f = ¥V from the qunfgf%§ flowing through por second .G,
and the corresvonding croas-gsectional arca f, and the
ratio x/d from the distance x of any nrifice to the

Pipo ontrance and the inner diametor 4 of tho pipo. Tho
valucs of V¥ were made nondimensional by dividing dy

Vorit. Whose moaning will be furthor explained below (equa-

tion 2b). Plotting p/pk against x/d4, the curves of fig-

ure 6 are obtainod for volocities below that of sound. It
wlll DPe seen that the curvos drop slowly at first, then
more repidly, ZEach curve corresponds to a value of the
ratlo W/W,.r44 proportional to the rate of dischargo. The

- lowor onds of all the curves are Jjoinod by a dotted line

which tonds' to approach p/pk =0 as x/d approaches in-

finity. Thls curvo glvos the limiting value of the pres-
suro ratio p/pk for given lengths 1/d and clearly

shows that the increase in the pressure drop for increans—
ing pipo longth is vory considorablo for short pilpes,
whoreas for long pipos thoro is only a small increase.,
For example, for an.increase- in-length from -x/d = O to
185, "the pressure difference p/pk' liss between 0,527

and 0,277; that is, a difference of 0.25. The same differ—
ence ls also obtalned for x/d = 270 %o infianity, in which
cage P/Pk lios betwoen 0.25 and O.
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For velocities above that of sound the curves rise
slowly at first, some o0f them showing a sudden pressure
rise, after whlch they again drop in the same manner as
the curves of flgure 6. Flgure 7 shows the curves for the
Pipe of 26 mm dlameter. The sudden pressure rise indi-
cates a compresslion shock which arises only 1n the case of
velocitles nbove that of sound if the quantity flowing
through for a given pipe loength, or conversely, the nipe
longth for a:glven quantity flowing through becomes too
lorgo. For this gilven rate of discharge the pipe, there-
fore, has too much throttling, so that in the upstream
portlon of the pipe, only subsonic volocitlies can occur.
Here, too, each curve is marked by the corresponding val-
ue \Il/wcrit .

Both sets of curvos were omployed to plot /Py
against V/¥,.41, whore =x/d now appears as the parame-
ter (fig. 8). To plot these curves, the values of _p/_'pk
for definite valuos of x/d at constant /¥, .;; wore

taken from figurew 6 and 7, Vertlcal sets of polnts were
thus obtained (fig. 8), ropresenting the pressure varia-
tlon clong a definite plpe. The numbers above the curves
glve the corresponding diameters of the pipes for which
the serles of points was obtalned and show that the abso-
lute measure of the dlameters-has no effect on the tremd
of the curves but only the ratio 1/d or =x/d. BEach se-
ries of volnts nlso shows clearly that the various pipe
dianeters give the same values for equal ratios x/d or
1/d. All symbols of tho same kind donote equal ratios of
x/d or 1/d, and are joined to one another Dby curves.
For oll soriles of pointe which do not extond to the dotted
line, throttlling was obtained by placing nozzles behind
the pipe (fig. 2). Those points also show good agreemont
with the otherg and 1t may be secn that throttling 1is
oquivalent to the frictlonal resistance of a given increase
in pipe length.,. In order to determine the plipe-length in-
croaso corrogponding to the throttlling, it 18 only neces-—
sary to obtain from figure 9 the total plpe length for the
corrosponding valuc of WV/V,.;4, which in this case be-

comes wmnx/wcitt' and form tho difforence. Flgure 9 was

obtaincd by taking from figure 6 the maximum quantities
flowling through for oach given length of pilpe 1/d. Tho
continuous curve corrosponds to the ompirical relation:

wmax/wcrif = 0'915{(Mﬂ0d)°.819} (1)
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Figure 8 shows clearly the relations between the val-
ués ' x/&, /Py, -and ¥/V ... which are all interconnect-

ed for any plpe dlameter; 1.e., to a glven value of z/d
and V/¥_ ., there corresponds a definlte ratilo p/pk

-and conversely. The entire geries of curves, which includes

all flow conditions in emooth, astralight pipes, sesplits up
into two sets: a downward sloplng set of curves for the ve-
locltles below that of gsound, and an upward sloplng set of -

.curves for the veloclties above that of sound. The bound-

ary between the two sets 1s represented by a dotted straight
line which extends from the origin to the critleal point,
the significance of the latter being explained below. The
curve denoted by x/d = 0, which envolops the entire se-
ries, glvés the theorotical dilscharge rate for a.plpo-
length zoro (zoro friction) and a givon pressuro ratio

p/pk For this curve, the rolation

L4

7’
)
. ¢ .

; (2)

thoor =~ w/v

holds true whore v (m®/kg) 1s the spvecific volume. “The
vcloclity w for the caso of the edindatic process which
is here assumed P vh = py vh 1is -

e JE S @] @

and substituting in equation (2), thore is obtained

g K D 8/K (k¥1) 76 .
Vincor = J/ﬁn =1 v, (( (Ji) (2a)

The thoorotically maximum discharge rate is obtained by
substituting the eritical pressure ratio

P ( 2 K/(K.—l)
5; T \g + 1)

(4)

We then havo:

o \87(K=1) \(k+1)/(Kk-1)
orss = / 28 2 (2L (2) ] e

(for Kk = 1,405, Vopit = 2:144/ 1 /v )s

L~ steq wafre
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The enveloping curve 1s thus given by

7 p\e/k D (k+1)/x
Viheor - (5;) ) (5;

v = CYAUTEY) (RF1T70h=1) (5)

erlt 2 - 2
K+1 K+l

and also contalns the critilcal point which gives the maxi-
num theoreticelly possible discharge through a cylindrical
pipe. For K = 1,405, the values have been collected and
are glven 1in table I.

TABLE I. Viypoor/VYersy ©&° Function of p/pk

According to Equation (5)

2/py wthegf/wcrit ?/px Vineor/Verit

1.00 0,0000 0.60 0,9820
.99 1960 .56 19995
.98 .2880 527 1.0000
.97 . 3540 .50 .9950
.96 .4155 .45 .9860
.95 .4490 .40 .9650
.94 .4880 .35 - 9340
.92 5570 . 30 .8820
.90 .6150 .25 .8180
.88 .6700 .20 7410
.86 7150 .15 . 6470
.84 .7545 .10 5210
.82 .7890 .08 . 4580
.80 8170 .06 . 3880
.76 .8750 .04 . 3040
72 .9160 .02 .1918
.68 .9530 .01 .1245
64 . 9745 .005 .0783

The subsonic region thus conslsts 'of the curves .slop-
ing downward from left to right, limited above by half of
the theoretical curve, and below by the dotted stralght
line. All curves start at the point p/pk =1 and

V/Wopst = 0. As the length x/d increases, the curves

become stoeper and the values V/V,.j; smaller. The lat-

ter approach the limiting value zero as the length ap-
proaches infinity.
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The dotted stralght line results from the consldera-
tlon that the.mean veloclty at the end section of the pipe
18 equal fto the veloclty of sound in caae the pipe forms.--
the only reslstance. This may be shown by the following
reasoning., The gas flows through a cylindrical pipe and
suffors a pressure drop. This results first in an in-
creaso in veloclty, according to equation (3), and second
in a lowerlng of the density; both effects depend on the,
presgure. ‘According to equation (2), however,; there is
obtalned from the density and velocity, tho discharge. V,
whlch has the same value over the entire pipe longth -on
account of the constant cross sectlion, so that both mag-:
nitudes aro ilnterconnected. Below the velocity of sound,
at zoro frictlon and with pressure drop, the veloclty la-
cronsos noro rapldly than theo denslity decrcases so that
the quantlty that has entored with friction, can flow
through ecch crose section aloug the plpe with additiomnal
prossure drop. JAbove tho veloclty of sound, however, with-
out frictlon and with decroase in prossuro, the density
decrcaonos fostor than the velocity increases. Without a
rigo in pressurc the mass of alr cannot therefore flow
along the vipe through ovory soction. 4 rise In pressuro
in the ecylindrical pipe 1s possidle, however, only with o
Provious prossuro drop obtained through nogzles at tho
Plpo cntronce. Sinece this is not the case with the pipe
arrangoment hero employed, this condltion and hence the
suporgonlc flow, is not possiblo. The 1limit lics oxactly
et tho voloeclty of sound a, 8o that thls conditlion may
8till bo roachod and 1s ostablishod at tho end section of an
cylindriecal, pipe. Ve

For the ond section, we therefore have the relation:

-F'=E=/ngnﬁ=./§f—zn'm'(%k-1> (6)

whero menn values-are 1lndicated by strokes above_the let-
ters. TFrom the above {s obtained the equation T/Ty =

2/ (k+1) with the equation of statef

oV 2 .
- = - ! 7
. .. P T K¥ L1 ()

Substitﬁtlng'in-equation (2) for w, the veloclty of -sound
according to equation (6).and squaring, there 1s obtalned:
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Ve = kg pf7 (8)
From (7) ond (8), thoro is finally obtained:

. .
(EL) Sy® e 2 _ (9)
Py Py & K (K+1)

The right sido of (9) togothor with equation (2) gives the

dottod stralght line:
8 a/(k-1) (k+1) /(-2
(1b)

I e I (G MY € N

Py rit

For K = 1,405, thore 1s obtainod p/pk = 0,527 V/¥_ 44,
and for WV/V,p3¢ = 1, 1.0., for the veloclty of sound in
the short nozzlo (without friction), p/pk = 0,527,

In the abovo relatlon 1t 1s assumod that the veloclty
distribution 1ln tho ond section of the pipe is roctangular,
l.0sy thot tho voloclty 1is oqual to the sound veloclty ovor
tho ontiro crose soction. Actually, howevor, a diffcorent
veloclty dlstribution exlsts, resulting in a change in the
slope of tho lino. The latter is shown as the contlnuous
line in figure 8. TFor thls line, according to the measurod
valuos of V/¥,..34 = O +to 0.855 thoro holds the relation:

| - a/(k-1) (k+1)/(r-3)
§L==——i—_ 0.911 J//;"i 1 [ Kil) - EEI) ]

(11)

The now lino mecots the theoretical stralght line at
both end polnts, and hence must have a short curvature at
some point. This point lies spproximately at w/wcrit =

0.855 and corresponds approximately to the value z/d =
36. This means that below /¥, ., = 0.855 and above

x/d = 36, the velocity distribution does not change with
increasing plipe length. Above w/wcrit = 0,855 and below

x/d = 36 the veloclty distridbution with decreasing pilpe
length gradually appronches the rectangular dlstribution}
that 1s, aporoaches the assumption made for equation (10),
so thot the continuous line also approaches more closely
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the theorotical straight line nnd moets it nt the cvritlcal
point. . This result is confirmed in flgure 11, according

to which, beyond tho valuo- %/8 = 36, -all veloclty .disiri-
butions coincide.

From oquations (1) and (11) the pressure ratlo for
the maximum discharge for glven longths of plpe may clso
be computed. For K = 1,405, this ratio 1s:

T ae— - « 8189
P/ Py ﬂ‘mo; X '0-?16{(‘(1° )"} (12)

-

Tho reglon for velocltles sabove that of sound is lim-
i1tod above by the boundary line Just described, and below
by the second helf of the onveloping line. All measurcd
voluos havo cgain been plotted in figure 8 as vortlcal ge=
rics c¢f points, symbols of the samo klnd denoting cqual
Plpc lonztiks 1/d cnd bolng Jolned togother by curves.
Tho anunbere indiceted on tho figuro glve the corresponding
longths of pipe. It may be soon thnt the suporsonlic ro-
glon 1s much suanller than the subsonlec reglon and is al-
ready vractically fllled out at the smaller plpe lengtihs
slnce measurements on grecter pilpe lengths are made diffl-
cult by the very smell preossures encountered. A4lthough
the two regions approach each other closely at the bound-
ary,.no gradual transition betwren tiieo two sets of curves
ls to e expected. On tne contrary, the transition occurs
discontinuously throungh a compression shock.

All vipe-flow conditions for sumooth, straight »pipes
are tius completely represented by the dlogtram and any
other flow may be determined from it. For exampls, for a

ratio W/Wcrit = 0.5 attained in any cylindrical pipe, a

vertlcal line A-A 1s drarn through the curves of flgure
8. It m~y be seen that up to a pipe length of about 1/d =
20, flow is possible with velocitlies above and below that
of sound but with the difference that the pressure ratio
p/pk at the supersonic velocity must be emaller than at
the subeonic velocity. The gas (in a nozzle) must there-
fore expand to a much greater extent, whereby the high ve-
loclty is attained. At the same time the density and tem—
verature drop very sharply. With greater plpe lengths, a
compression shock occurs in the case of thé supersonic -
flow. These flow relations are possible for all plpes
with the intersected values of x/d, which are then to be
teken os 1/d. The corresponding pressure drop p/pk lg
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different for each length 1/d and may be read off at the
corregpondling point of intorsection wlth A-A. Tho pres-
sure drop elong tho pipe may also be determined on the

line A~A from the values of x/d below tho pipe length.
The maximum pipe length for WV/¥,.34 = 0.5 1s 1/d4 = 280.

For all greator lengthe the air doos not flow through.
This means that to each pipo longth thoro corresponds a
maximun discharge quantity, and the lattor may be obtalned
from tho curve already montioned (fig. 9).

J2e Low of reglgtanco.~ In order to be nable to make come
parigons with the frictlon tests carried out with water
(reference 3), the friction values were here also computed
fron the pressure drops along the vipe. All magnitudes
are anverage values. The registance coefficlent A ig de-
fined in the referonce cited as '

A = (a/4) (- ap/dx), (13)

where d 1s the plpe diameter, q the mean dynamic pres-
suro, (d.p/dx)r tho pressure drop along the pipe due to

the wall friction. The total pressure drop in our caso
conslgts of two parts:

l, Prossure drop through acceleration of tho gcses
ot velocitles bolow that of sound, or pressurc rise through
doccleration of the gasos &t velocltles above that of sound,
(dn/dx),; '

2e Prossure drop through friction at the wall
(ép/dx).. We thus havo:

dp _ (dp (dp
dx - \dx b + \3x (1)
The dynnmnle pressure q =p %;. Since heat 1s nelther

added nor conductod avay, ¥ may be detormined from the
onorgy oquation and the equation of continuity:

—1-]
W K f _
%2 " K = 1 (?k " P3g ") (15)

Subctituting G/f = ¥ and py v, = R Ty, thore is obtalned

<3
- _ 2g K (f K g) g K P
‘/n-.IRTk+__1\II ] (16)
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For amall velocitles this mode of oomputation ie too inac-
curate.. Setting for briefness:

1 . _ -
a = EE;7TE:ET' b = pf/G = p/¥ end ¢ =-«R Ty = = Py Vi

there 1s obtained from equetion (15) a quadratic equation
whose roots are developed into & binomial series. The so=
lution 1s then obtained as

e c® e g ct
W~=-——— a.-2 a "'5"_813 o0
b b »e b7
a
_ BTy (RTy) 1 L, (Bme)® 2

T /v (p/W)T 2gk/(k-1) (o/¥)® [2gk/(x=1)1°

- (RT]: )4 5 (17)
(p/¥)" [2er/(c-1)1°

Since 4/7 = 2gd/¥W, there 1s stlll needed for computing
A the value of (dp/dx),, and the latter from equation

(14) may be obtained as
(dp/dx), = dp/dx.~ (dp/dx)y, = dp/dx + P w dw/dx (18)

where dp/dx 1s found by differentiating the curves of
agelngt x. Slince these curves have 1n general a strong
curvature (see fig. 6), the differentiation requires a
certain amount of care 1f large errors are to be avoided.

By differontlating tho energy equation Ww3/2 =
- 1 (Pk/Pk - P/P) and the continuity equation P w =

const., there 1ig finally obtalned, wlth the aid of aqua-
tions (18) and (13):

< n = 8.28 (Logpfax) 1 - —" 1 (19)
'\l]w K-cl L — B T e
L+ =T o/PW

In the Reynolds Number Ré = W d/v, the kinematic
viscoslty v (ma/g) depends on the temperature and pres-




-
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-sure. In the case of pir, we have for the viscosity 1

(kg s/m3) the well-known relation®

108 M = 1.712 /1 + 0.003665 t (1 + 0.00080 t)°®

where v = N/p and p = W/g w. The teomperature is comput-
ed from T = pw/RV.

Ve now have to compute the valucs of Re and A,
Yor comparison with previous measurements thesc values willl
be prosented in the form 1//A and log (ReJ/AN) (fig.
10)s Tho continuous straight line corresponds to the pro=-
vious measuremonts with water according to tho oguation

1// N = - 0.8 + 2 1log (Re.,/A) (equation 4)
(20)

Sinco in the Reynolds Number Re the kinematic viscosity
V chaonges approximately at the same rate as the veloclty,
the viscosity remalns approximately constant for all veloce
i1tlec. Only a change in the pipe diameter d has any
large effect on BRBe. In spite of a certaln degree of scat-
toering of the points, unavoldable wlth measurements at such
high air veloclties, it 1s nevertheless evident that the
points lle sufficiently close to the straight line drawn
and hence show that equation (20) may also be applied to
flows with high alr velocities 1n smooth stralght pipves.

4, VYelocity digtribution.~ In addition to the pres-—
sure varlation along the plpe there was also determined
the veloclty distribution oyer the end section of the pilpe.
For this nurpose there were measured the total pressure
P, with a pressure tube (0.5 mm outer, and 0,3 mm inner
dfameter), the static pressure p by means of orifices in
the pive wall, and the initial state of the flow on enter-
ing the test pilve.

The total pressure Po is made up of the statlc pres-—

sure and the dynamic pressure. The latter arises from the
flow energy through adiabatic compresslon and represents
the conversion of the pressure drop of a Jet escaplng free-
ly without friction from a tank, the representatlion being
exact 1n the case of velocitles below that of sound and
approxlmate to a certaln degree iln the case of velocltles
above that of sound on account of the compression shock

set up 1lan the latter case.

*See Hutte, 26 edition, vol. 1, p. 354,
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. Flgure 11 shows the velocity distridution for increas-
-ing pipns .lengths in the case of velocitles below that of
sound. The velocity 'w, which 1s made nondimensional by
divislon through the maximum veloclty W, 1s plotted
againgt y/r where ¥y 1s tho dlstance from the plpe wall
and r the plpe radius. Since the velgcity distribution
+could be measured only at the ends of the plpe, the pipes
were gradually cut off to fixed leangths. The flgure shows
that the wveloclty distribution becomes more tapering with
increasing pipe length and beyond a length 1/d4 = 36 does
not vary eny longer. The same result was obtained in pre~.
vious tostg on water, so that in thls respect there 1s an
agreement botweon the flow of incompressible and compressi-
ble flulds. Thig rosult can be confirmed by figure 11
bnly for the subsonlec region. For the suporsonlc re-
g€lon guck confirmation 1s not possidle since the superson-
lc veloclty, oven at the smalleet practically attainable
Pressure ratios p/pk, can only occur ln very short plpes

on account of the compression shock already mentioned.
For this reason the measurement of the veloclty dlstribu-
tlon for supersonic velocities was omitted.

The game figure shows the veloclty distributions for
subsonic veloclities plotted as a function of Re for
1/d > 36 as well as two veloclty distributlions taken from
the measurements of Nikuradse with water. The test values
fit the Nikuradse valuoes wilth respoct to the Reynolds Num-
bers and show that hero, too, thero 1s practical agreement.
For the supersonic rogion the velocity distribution was not
measured slnce the complete distridbution could not be ob-
tainod with the short pipeos required for the supersonic
velocitles.

5s Comorecgion ghoek.-~ Tho setting up of a compression
shock in smooth, stralght plves is explained by the fact
that the velocity and density of the gas, with rise in
Preassure, vary at different rates, the veloclty decreasing
more ravidly than the densgity 1s increasing in the case of
velocities above that of sound. The reverse is true for
velocltles below that of sound. Now the quantity flowing
through unit area of pipe cross section 1s the product of
tho velocity and the density, end for a cylindrical pipe,
1s constant. With supersonic flow.in cylindrical plpes the
pressure risos in the direction of flow and from the pirop-
erty of the gas, Just mentloned, at any section of the pipe
a conditlon must occur where the quantity .entering the pilpe
and determined by the nozzle at the pipe entrance, can no
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longer flow through for the same flow conditiomns. Only by
a sudden trangltion of the flow to the subsonic state, with
a corresponding decrease in the frictlonal resistance, can
the flow be malntained. Thls 1s wvhere the compression
shock ariges. No reaction of the disturdance caused by

the pressure Jjump can occur on the supersonic flow upstreanm
since the yvelocity of the flow is here greater than that

of the disturbance which, as 1o known, 1o propagated with
the voloclty of sound. The reactlion of the subsonlc in-
tervel shows up only in the position of the compression
shoek in the pipe.

Figure 12 shows that the poslition of a compression
shock in a smooth, straight pilpe travels in the opposlte
directlon to that of the flow as the throttling at the end
of tho plpe 1ls lncreased. For a given throttling condl-
tion the compresslion shock stays at a fixed position in
the pipe. The flow downstream of thée compression shock
occurs at below sound veloclty and chenges with change in
the throttling, whereas upstream of the compresslon shook
the veloclty 1s suporsonic and entirely independont of the
throttling.

Tho investlgatiorns were carrled out with the plpe ar-
rangement of figure 3, the veloclity measuring apparatus at
the end of the pips belng modified into a throttlling device.

III. SUMHMARY

In the foregolng work tho flow conditlons in smooth,
stralght pives and at high air veloclitles are lnvestigat—
ed. A relation is obtained betwoen the quantity flowing
through unit area, the preassure gradlent along the plpe,
and tho pipe length,

There 1s further determined the frletlon coefflclent
A and compared with previous measurements on incompressidle
flulds. The result is obtained that for high flow veloci-
tles the laws of Nikuradse may be appllied to compressible
fluids,

The volocilty distributions over the cross section of
the plpe wore measured wlth a pltet tube and agree essen-—
tlally with those previously obtained for incompresslble
flulds.
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Iinally, there was investigated the behavior of the.
compression ghock in a smooth c¢ylindrical pipe. The com-
rression shock cdan~occur -at-any position in the pipe, de~
pending on the throttling downstream, and travels up-
stream with increasing throttling up to the pipe eantrance,
so that thereafter only subsonic velocities occur in the
pipe.

Tranglation by S« Reiss,
Natlonal Advisory Oommittee
for Aeronsutics.
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Figures 2,3,4,- Test pipe;g,ve-
WP 0 6 : TR R A . locity measur-
Figure 1.- Test set-up; a,vacuum tanks; lng apparatus. Figure 2.-For
b, gas reservoir; c,vacuum below-sound velocities.
pump; d,air drying apparatus; e,shut- Figure 3.- For above-sound
off cock; f,test pipe. velocities.

Filgure 4.- For sound velocity
at end section of pipe.

Filgure 5.- Velocity measuring

apparatus with Pitot
tube and covering on Pitot tube
stem.

@f;_.—\‘ SO
&,
I gy <%
S D \

a, 3
N

43

e ‘ /_v
% /05595 r\_k\_
i) /q'_“ W )

p,/r/Ja“? 0375 aﬁﬂijpz)y,
ﬁig; =
| s

wP]

47 _/4 —_—— e
/M P 0,1968 L T
e
4 s v x ¥ 0 25
43:%) ra

Figure 7.- Pressures p/pk plotted Figure 6.- Pressures p/pk plotted
against lengths x/d for against lengths x/a

above-sound velocities for 25 mm for below-sound velocities.

pipe dlameter.




¥

¥.A.C.A. Technical Memorandum No. 844 Tigs.8,9,10,11,12

"m  wan A anninind

S (A A RV R IR

T - i 3

: o] = .\-:% _-z%_ 'Etgwg .

T w%? \§\5§§ﬁa

2 11 RN ~N\Crit. point
B MRS DAY ¢ Vi
P, \NRNNAR VAN [} P

T = e

4z = —15’{;;2‘:1’ S:

' =22 e 8 :

=5 | |
7] ng\q oo e e @ @ W zv-x-c:n

Figure 8.- p/p, as a function of W/V¥.pqyfor above-
, ' and below-sound velocities.

10,
—==")‘;&" =
g™
s 7
w i
— o =712
' s e =327
4 o -3
. P
. N el
fo gt . o
’ a4 -
#l:-ZZ‘,'Wﬂ.
+3 2 ? - . -0,
ﬂ : . -
M ‘°\0 a2k e 190000.
O g5 - : =M.
X \°\>~\°_ B s = W50M Nkuradse
4#—*-—-—-—__——:&%\ 5 -y !
7 EZ2E 7/ T =5
&7 0 az o 4 a5 48 W

r

Figure 9"W*crit as a function l"i.guro 1l.- w/W as a function
of 1/4d. ' of y/r for various
pipe lengths and Re values.

92 : — Direction of flow — >
: | - ° _ 0.6

& - 1 - . s e G
: . 3 o : p 0.4 %

.Z" .. o4 © . 0.2 i r‘ ﬁ nIN
< 73 N 0 < . P ) —- ‘_J__L/
S T jsubsonde—|

ST 'PPTF'}OI@ 0 5 10 15 20 25
ECR TR A SRR I TR , x
3 l(ReYR) } . a
Figure 10.- 1/V/x as a function Figure 12.- Travel of compres-
of log (Rev/ A ). sion shock in a

smooth cylindrical pipe as
throttling is increased.




4368




